Shiga toxin-converting bacteriophages are involved in the pathogenicity of some enteric bacteria, such as Escherichia coli O157:H7. Recent studies have demonstrated a relatively high presence of Shiga toxin 2 phages in sewage from Spain, but no data on sewage from other areas were available. In order to evaluate the presence of such phages in sewage from diverse geographical origins, 33 sewage samples, including samples from eight different European countries as well as from New Zealand and South Africa were analysed. Using an experimental approach based on the detection of Stx 2 gene by a phage enrichment culture followed by PCR, bacteriophages infecting E. coli O157:H7 carrying the Shiga toxin 2 gene were detected in 15 of the samples studied. Results presented here show that the presence of phages carrying the Stx 2 gene is common in sewage from developed countries. ß
Introduction
Shiga toxin-producing Escherichia coli (STEC) strains such as E. coli O157:H7 have emerged as important pathogens in recent years. Infections by these strains have been recognised to be associated with haemolytic uraemic syndrome (HUS) and haemorrhagic colitis. In the last decade, infections caused by E. coli O157 have been reported in North America, Europe and increasingly in other areas of the world (for review see Nataro and Kaper [1] ). There is considerable evidence of food-borne and water-borne transmission of these strains, mainly associated with meat and milk products [2] , and there has been evidence of environmental contamination such as sewage contamination of bathing waters or drinking water supplies [3] .
The most severe manifestations of STEC disease, particularly HUS, are thought to be the result of Shiga toxin production. The Shiga toxin family includes Shiga toxin type I (Stx 1), Shiga toxin type II (Stx 2) and Shiga toxin 2 variants [4] .
The Shiga toxin genes in STEC strains are contained on bacteriophages [5, 6] . Acheson et al. [7] have recently reported the occurrence of lysogenic conversion by Stx 1 encoding phages in the murine gastrointestinal tract. Beautin et al. [8] have recently described in Shigella sonnei the presence of a lysogenic phage which transduces the Stx gene to an Stx-negative strain of S. sonnei and to E. coli K-12. Previous studies have reported the presence of infectious phages carrying the Stx 2 gene in sewage at concentrations ranging from 1 to 10 infectious phages per ml of sewage from Barcelona (Spain) and surroundings [9] . In this work, we investigated whether these phages also occur in sewage from di¡erent geographical areas.
Materials and methods
2.1. Bacterial strains, bacteriophages and media E. coli O157:H7 ATCC 43888, which does not produce either Shiga toxin 1 or 2 and does not possess the genes for these toxins, was used as host strain in the enrichment cultures. E. coli O157:H7 ATCC 43889, which produces Shiga toxin 2, and bacteriophage 933 W were used as positive controls. Bacteriophage 933 W was obtained by mitomycin C lysogenic induction of E. coli strain C600(933W) [10] . E. coli CN13 [11] was used for the de-tection of somatic coliphages. Somatic coliphages were enumerated in those samples that were frozen for transport to have an indication of the conservation of the sample during transport. Indeed, the numbers of somatic coliphages are relatively similar in raw sewage samples all over the world [12] and frozen in the presence of 10% w/v glycerol and kept in ice can be transported without signi¢cant losses of viability.
Modi¢ed Scholten's broth or modi¢ed Scholten's agar was used for the enrichment and detection of phages infecting the di¡erent strains of E. coli [13] .
Sewage samples
Raw sewage samples used in this study were kindly provided by several laboratories from di¡erent European countries (Sweden, Austria, Germany, France, Ireland, the Netherlands, Portugal and Spain). Three sewage samples from New Zealand and six sewage samples from South Africa were also included in the study ( Table 1) .
Most of the samples studied were raw urban sewage containing high levels of bacterial indicators of faecal pollution and consequently most of the contamination was of human origin. For such samples we were told the approximate number of inhabitants served by the water treatment plants at which the samples were collected. A few samples presumed to contain mostly faecal contamination of animal origin were also assayed.
Sewage samples were transported under di¡erent conditions from the area of collection to the laboratory where they were analysed. When possible, samples were transported frozen, in the presence of 10% w/v glycerol and kept in dry ice.
Bacteriophage enumeration
Somatic coliphages, de¢ned as those infecting strain E. coli CN13 [11] , and bacteriophages infecting strain ATCC 43888 of E. coli O157:H7 were enumerated by the double agar layer method [14] .
Partial puri¢cation and enrichment of bacteriophages from sewage samples
Volumes of 10, 1, 0.1 and 0.01 ml of sewage were processed for partial puri¢cation of phages, as described elsewhere [9] . The processed samples were used to infect 100 ml of liquid cultures in exponential growth phase of strain ATCC 43888 of E. coli O157:H7, which does not possess the gene for the Stx 2, containing approximately 2U10 8 cells per ml. Culture medium was then added to a ¢nal volume of 250 ml. After overnight incubation, bacteriophages were partially puri¢ed in triplicate from aliquots of the enrichment culture, as described [9] . Samples were then treated with 10 units of DNase ml 31 for 30 min to remove free DNA [15] .
PCR-DNA ampli¢cation
Bacteriophage DNA was extracted according to standard methods [15] . Chromosomal DNA from bacterial controls was prepared by incubating 25 Wl of bacterial suspension for 15 min at 94³C. PCR-DNA ampli¢cation for speci¢c detection of the Stx 2 gene was performed using the Amplitaq DNA Polymerase Kit (Perkin Elmer) according to the instructions of the manufacturer. Primers and PCR conditions were as described [9] . 5 Wl of the ampli¢ed DNA mixture was analysed for ampli¢cation products by electrophoresis on a 2% agarose gel and stained with ethidium bromide.
Sequencing
Ampli¢ed DNA was further characterised by sequencing. Ampli¢ed DNA products from nested PCR were sequenced with the ABI PRISM 377 DNA Sequencer (Perkin Elmer) according to the standard methods described by the manufacturer. The respective direct and reverse oligonucleotides were used as sequence primers. The sequence of the 169-bp fragment included among the primers used for the nested PCR is situated between positions 21 772 and 21 941 of the genetic sequence of bacteriophage 933 W Stx 2 gene, which is deposited in the EMBL gene bank (accession number AF125520).
Results and discussion

Numbers of bacteriophages in the samples studied
Numbers of somatic coliphages detected in the sewage samples (Table 1) were in the range of numbers of such microbes found in the sewage of western countries [12] .
Moreover, numbers of bacteriophages infecting E. coli O157:H7 ATCC 43888 were around two orders of magnitude lower than the values of somatic coliphages (Table 1) and the ratio between somatic coliphages and those infecting O157:H7 was similar in most of the studied samples as previously observed in samples analysed immediately after collection [9] . The conclusion was then that the numbers of bacteriophages in most samples was not a¡ected by freezing and transport.
PCR-DNA ampli¢cation of DNA from bacteriophages puri¢ed from sewage
In most of the samples the ¢rst round PCR ampli¢ca-tion did not show positive ampli¢cation in a 2% agarose gel with ethidium bromide staining (data not shown). However, after nested PCR ampli¢cation, 15 of the 33 studied samples showed amplimers of 169 bp, as expected according to the position of the primers used for ampli¢-cation. Sequencing of these amplimers and further comparison with the corresponding fragment of Stx 2 gene showed that 11 sequences were identical to the sequence of bacteriophage 933W Stx 2 gene (EMBL accession number AF125520). The rest (EMBL accession numbers AJ251231, AJ251232, AJ251233 and AJ251234) showed homology of 97^99% with previously described sequences (accession numbers AF125520, E03959, E03962, X07865, and Y10775 in the EMBL gene bank), con¢rming that these amplimers, obtained from DNA of phages puri¢ed from supernatants of bacteriophage enrichment cultures, corresponded to a fragment of the Stx 2 gene. Since these cultures were infected with phages partially puri¢ed from di¡erent volumes of each sewage sample, the amplimers observed indicate the presence of phages infecting E. coli O157:H7 carrying the Stx 2 gene in these volumes of sewage (Table 1) .
A rough estimation of the amount of these phages, observed by the minimum volume of sewage used to infect the enrichment cultures where phages carrying Stx 2 gene were detected (Table 1) , indicates di¡erent levels of Stx 2 phages in di¡erent samples. The presence of Stx 2 phages does not show any apparent correlation with either numbers of somatic coliphages or numbers of phages infecting E. coli O157:H7. These results suggest then that the occurrence and levels of phages carrying the Stx 2 gene are a consequence of speci¢c inputs of these phages into the sampled sewage.
Phages carrying the Stx 2 gene were detected in sewage samples from Germany, Austria, France, Ireland, Spain, South Africa and New Zealand (Table 1) but not in samples from Sweden, the Netherlands or Portugal. The results do not allow us to distinguish any speci¢c geographical distribution and they should only be considered as an indication of the wide geographical distribution of phages infecting O157 and carrying the Stx 2 gene.
Although the approach used in this study does not al-low us to determine whether detected bacteriophages possess a functional or complete Stx 2 gene, the results indicate, like those presented in the previous study [9] , that the presence of phages carrying the Stx 2 gene in wastewater samples is common in sewage in the developed countries. Whether bacteriophages could act as a reservoir of Shiga toxin genes in the environment and whether they contribute to the spread of Shiga toxins in di¡erent enterobacterial strains and species requires further study. However, it is theoretically possible that the presence of phages carrying the Stx 2 gene in water could cause the conversion of some enterobacteria, such as E. coli O157:H7, present in the water and also that the ingestion of phages themselves, by either humans or animals, could lead to the infection of E. coli £ora. Further studies to characterise the phages carrying the Stx 2 gene and their ecology could help us to understand their role in the maintenance of such genes in nature, and the horizontal transmission of genes encoding virulent elements such as Stx 2. Only this kind of information will provide insight into the role of O157 infecting phages in the epidemiology and pathogenesis of STEC infections.
